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9HUWLFDO$[LV :LQG 7XUELQHV 9$:7V WHQG WR SURGXFH PHFKDQLFDO WRUTXH ZKLFK YDULHV VLJQLILFDQWO\ ZLWK URWRU
D]LPXWKDQJOH7KHFRVWRIWKHHOHFWULFDOJHQHUDWRULVUHODWHGWRWKHSHDNJHQHUDWRUWRUTXHZKLFKLQWXUQGHSHQGV
RQWKHFKRLFHRIWRUTXHVSHHGFRQWUROVWUDWHJ\7KLVFKRLFHRIFRQWUROVWUDWHJ\DOVRDIIHFWVWKHFRSSHUDQGLURQORVVHV
RIWKHJHQHUDWRUWKHVHFDQEHPRGHOOHGXVLQJKDUPRQLFDQDO\VLV7KHSDSHUGHPRQVWUDWHVKRZDQRSWLPDOFRQWURO
VWUDWHJ\IURPDJHQHUDWRUORVVSRLQWRIYLHZFDQEHDFKLHYHGZLWKRXWVLJQLILFDQWH[WUDFRVW 
 
120(1&/$785( 
T 7RUTXH&RQWURO)DFWRU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In recent years there has been increased research into the use of Vertical Axis Wind Turbines (VAWTs) for use in 
commercial offshore generation.  Two specific designs under research and development are the Aerogenerator V-rotor 
[1] and the VertAx H-rotor [2] which both use directly driven permanent magnet generators. 
2QHRIWKHLQKHULWGLVDGYDQWDJHVRI9$:7VFRPSDUHGWRFRQYHQWLRQDO+RUL]RQWDO$[LV:LQG7XUELQHV+$:7VLV
WKHF\FOLFWRUTXHORDGLQJFDXVHGE\WKHYDU\LQJDQJOHRIDWWDFNGXULQJHDFKUHYROXWLRQRIWKHURWRU7KHUHVXOWLQJORVVHV
H[SHULHQFHGE\WKHJHQHUDWRUDQGKRZWKH\DUHLQIOXHQFHGE\WKHJHQHUDWRU¶VUHVSRQVHLVZKDWWKLVSDSHULVFRQFHUQHG
ZLWK 7KH F\FOLF WRUTXH FDQ EH UHSUHVHQWHG E\ D )RXULHU VHULHV DQG WKH RYHUDOO JHQHUDWRU ORVVHV FDQ EH FDOFXODWHG E\
VXPPLQJXSWKHHIIHFWVRIWKHLQGLYLGXDOVLQXVRLGDOFRPSRQHQWV,WLVDVVXPHGWKDWDWUDWHGZLQGVSHHGVWKHWXUELQHKDV
SLWFKRUVLPLODUUHJXODWLRQWKDWFDQEHXVHGWROLPLWVSHHGDQGWRUTXH 
 
0(7+2'2/2*< 
This paper looks at the effects of cyclic torque loading on a directly driven permanent magnet generator for a 5MW 
VAWT.  This involves defining a sample mechanical torque loading and the JHQHUDWRU¶Velectrical torque response which 
are then combined with a generator model to calculate the losses associated with various torque control strategies.  
The cyclic mechanical torque loading on the generator (caused by the varying angle of attack of the rotor blades) can 
be represented by a Fourier series of sine waves about a mean torque തܶ (as described by Equation 1). This cyclic torque 
can result in an imbalance between the electrical and mechanical torque.  The response of the rotating inertia to this 
torqXHLPEDODQFHLVGHILQHGE\1HZWRQ¶Vnd Law for a rotating system (Equation 2), the resulting angular acceleration Į 
of the rotor leads to the variation in rotational speed Ȧ. 
 
Mechanical Torque (Equation 1) 1HZWRQ¶Vnd Law ± rotating (Equation 2) Torque Factor q (Equation 3) 
୫ܶୣୡ୦ ൌ തܶ ൅ ෍ ௛ܶ ሺ݄ܾߠሻ௡௛ୀଵ  ୫ܶୣୡ୦ െ ܶୣ ୪ୣୡ ൌ ܬߙ ݍ ൌ ୼ܶୣ୪ୣୡ୼ܶ୫ୣୡ୦ 
 
                                                          
13K'5HVHDUFK6WXGHQW&HQWUHIRU'RFWRUDO7UDLQLQJLQ:LQG(QHUJ\6\VWHPV8QLYHUVLW\RI6WUDWKFO\GH5R\DO&ROOHJH
%XLOGLQJ*HRUJH6WUHHW*ODVJRZ*;:8QLWHG.LQJGRP(PDLOPLFKDHODUJHQW#VWUDWKDFXN 
2/HFWXUHU&HQWUHIRU'RFWRU7UDLQLQJLQ:LQG(QHUJ\6\VWHPV8QLYHUVLW\RI6WUDWKFO\GH8QLWHG.LQJGRP 
33URIHVVRURI6\VWHPVDQG&RQWURO(OHFWURQLFDQG(OHFWULFDO(QJLQHHULQJ8QLYHUVLW\RI6WUDWKFO\GH8QLWHG.LQJGRP 
  
($:(3K'6HPLQDU 
 
12th EAWE PhD Seminar on Wind 
Energy in Europe 
25-27 May 2016 
DTU Lyngby, Denmark 
Session XXXX Paper XXXXXXX 
The electric torque response of the generator (controlled by adjusting the current through the stator coils) takes a 
similar form to Equation 1.  However there is a parameter which limits the electrical torque variation and reduces the 
peak electrical torque experienced by the generator.  This torque control parameter q is defined (in Equation 3) as the 
ratio of the electrical torque variation divided by the mechanical torque variation and is applied uniformly to all torque 
harmonics.  A demonstration of how this is applied to the electrical torque is shown in Figure 1.   
The torque control strategy can be set between two basic strategies.  Fixed Torque operation (q = 0) keeps the 
electrical torque fixed but also results in the maximum variation in rotational speed.  By contrast, Fixed Speed operation 
(q = 1) keeps the electrical torque equal to the mechanical torque at all times, but this results in the largest peak torque of 
any strategy.  Any q strategy between 0 and 1 will result in some combination of both electrical torque and rotational 
speed variation (Figure 1 shows the resulting variation for q = 0.5). 
 )LJ&\FOLFYDULDWLRQRI(OHFWULFDO7RUTXH 
IRUGLIIHUHQW7RUTXH)DFWRUVT 
 )LJ+DUPRQLF&RPSRQHQWVRI 
&\FOLF0HFKDQLFDO7RUTXH/RDGLQJ 
Figure 2 shows the harmonic components of the mechanic torque normalised to the magnitude of the mean torque (i.e. തܶ
 is equivalent to a magnitude of 1 p.u.).  The predominant harmonic for this 2-bladed turbine is the 2nd harmonic 
corresponding to a sinusoidal torque at a frequency twice that of the rotor speed.  If the rotor had three blades then the 3 rd 
harmonic would dominate.  For this test turbine the magnitude of the 2nd torque harmonic is 1.1 p.u. which corresponds 
to 68% of the sum of all harmonic components (1.63 p.u. excluding തܶ). 
The 5MW directly-driven permanent magnet generator in this case study is designed for use in an offshore H-rotor 
VAWT,WKDVHYROYHGIURP3ROLQGHU¶V0:HAWT generator [3] using parameters from Michon [4], e.g. power output 
and rotational speed. It has a stator radius of 5.8m, a stack length of 2.8m and it is comprised of 160 pole pairs. 
The generator is simulated by modelling a generator segment (single pole pair) using a combination of an equivalent 
electrical circuit (as described by Polinder [3]) modelled in MATLAB and a magnetic circuit modelled in the Finite 
Element Analysis package FEMM.  For the given generator dimensions, FEMM calculates the flux density waveform in 
the airgap. This is passed to the equivalent circuit model to calculate the no-load voltage. The stator resistance and 
inductances are modelled using the approach as outlined by Polinder [3] while the current is set to provide the desired 
electrical torque response. 
This research focused on the generator losses from the copper and the iron.  The copper losses depend on the current 
through the stator coils (proportional to the electrical torque response) and are calculated by integrating the varying ܫଶܴ 
losses over an entire rotor revolution.  Equation 4 shows how copper losses vary with both the square of q and the square 
of the current harmonics ܫ௛ (which are proportional to the torque harmonics ௛ܶ).  The copper losses are largest during 
fixed speed (q = 1) operation where the rate of increase in copper losses is much larger than that of the iron losses. 
 
&RSSHU/RVVHV(TXDWLRQ 0HDQ(OHFWULFDO)UHTXHQF\(TXDWLRQ ,URQ/RVVHV(TXDWLRQ 
஼ܲ௨ ൌ ܴ ൭ܫ ҧଶ ൅ ݍଶ ? ෍ ܫ௛ଶ௡௛ୀଵ ൱ ௘݂ഥ ൌ ݌ ?ߨ൭߱଴ ൅ ሺ ? െ ݍሻܾܬ߱଴ ෍ ௛݄ܶ௡௛ୀଵ ൱ 
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7KHLURQORVVHVGHSHQGRQWKHIOX[GHQVLW\LQWKHVWDWRULURQDQGWKHHOHFWULFDOIUHTXHQF\SURGXFWRIWKHURWDWLRQDO
VSHHGRIWKHURWRUDQGWKHQXPEHURISROHSDLUVRI WKHJHQHUDWRU7KHYDULDWLRQLQHOHFWULFDOIUHTXHQF\LVFDOFXODWHGE\
UHDUUDQJLQJ (TXDWLRQ  IRU Į DQG VXEVWLWXWLQJ LQWR WKH DQJXODU HTXDWLRQV RI PRWLRQ WKLV LV WKHQ LQWHJUDWHG RYHU WKH
  
($:(3K'6HPLQDU 
 
12th EAWE PhD Seminar on Wind 
Energy in Europe 
25-27 May 2016 
DTU Lyngby, Denmark 
Session XXXX Paper XXXXXXX 
FRPSOHWH UHYROXWLRQ WR FDOFXODWH PHDQ YDOXHV RI ERWK WKH HOHFWULFDO IUHTXHQF\ DQG WKH VTXDUH RI HOHFWULFDO IUHTXHQF\
(TXDWLRQ 8VLQJWKHPHWKRGRXWOLQHGE\3ROLQGHU>@WKHLURQORVVHVDUHFDOFXODWHG LQGLYLGXDOO\IRUWKHVWDWRUWHHWK
DQG\RNHEHIRUHEHLQJVXPPHGXS(TXDWLRQ7KHLURQORVVHVKDYHDFRPSRQHQWWKDWLVSURSRUWLRQDOWR-TWKHUHIRUH
WKHLURQORVVHVDUHODUJHVWGXULQJIL[HGWRUTXHRSHUDWLRQT DQGGHFUHDVHOLQHDUO\ZLWKZLQGVSHHG 
$V IRU WKH UHODWLYH LPSRUWDQFHRI WKH WRUTXHKDUPRQLFVRQ ORVVHV WKH FRSSHU ORVVHVGHSHQGRQ WKH WRUTXH DQG
KHQFH FXUUHQW PDJQLWXGH VTXDUHG WKHUHIRUH RQO\ WKH ODUJHVW PDJQLWXGHV KDYH VLJQLILFDQW LPSDFW UHJDUGOHVV RI WKHLU
KDUPRQLF QXPEHU  2Q WKH RWKHU KDQG WKH LURQ ORVVHV GHSHQG RQ WKH UDWLR RI WKH WRUTXH PDJQLWXGH GLYLGHG E\ WKH
KDUPRQLFQXPEHUPHDQLQJWKDWWKHKLJKHUKDUPRQLFVZLOOKDYHOHVVRIDQLPSDFW,QWKLVFDVHVWXG\WKHFRSSHUDQGLURQ
ORVVHVIRUDOOKDUPRQLFVZLOOEHFRPSDUHGZLWKWKDWRIWKHQGKDUPRQLFRQO\ 
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7KLVILUVWVHWRIUHVXOWVLQ)LJGHPRQVWUDWHKRZWKHWRUTXHIDFWRUTDIIHFWVWKHFRSSHUDQGLURQORVVHVDWDIL[HG
ZLQG VSHHG PV  &RQVLGHULQJ WKH VHFRQG KDUPRQLF RQO\ WKH FRSSHU ORVVHV LQFUHDVH ZLWK WKH VTXDUH RI T DV LQ
(TXDWLRQZKLOHWKHLURQORVVHVGHFUHDVHOLQHDUO\ZLWKT(TXDWLRQV-6LQFHWKHRWKHUKDUPRQLFFRHIILFLHQWVRIWKH
PHFKDQLFDOWRUTXHDUHVPDOOFRPSDUHGWRWKHQGKDUPRQLFWKH\GRQRWFRQWULEXWHDJUHDWGHDOWRWKHORVVHVLQSDUWLFXODU
WKHFRSSHUORVVDOWKRXJKWKH\KDYHDJUHDWHUHIIHFWRQWKHLURQORVVHV7KHUHODWLYHPDJQLWXGHRIWKHVHORVVHVZLOOYDU\
ZLWKT)RUWKLVJHQHUDWRUDWDPVZLQGVSHHGWKHWRWDOORVVHVDUHPLQLPLVHGZKHQWKHWRUTXHIDFWRULVVHWWRT  
 
 )LJ*HQHUDWRU/RVVHVDWPVFRQVLGHULQJDQG+DUPRQLFRQO\E$OO+DUPRQLFV 
7KHQH[WWHVWLQYROYHVDVVHVVLQJWKHFRPELQHGJHQHUDWRUORVVIRUGLIIHUHQWTVWUDWHJLHVDFURVVWKHIXOOVSHFWUXPRI
ZLQGVSHHGV,QWKHLQWHUHVWVRIFODULW\WKHUHVXOWV)LJXUHVKRZWKHGLIIHUHQFHLQWKHJHQHUDWRUORVVFRPSDUHGWRWKH
EDVHOLQHT IL[HGWRUTXHVWUDWHJ\,QDGGLWLRQRQO\WKHORVVHVIRUWKHIXOOVHWRIWRUTXHKDUPRQLFVDUHVKRZQ)LJXUH
GHVFULEHV WKHVWUDWHJ\ZKHUH WKHT VHWWLQJ LVDGMXVWHGIRUHDFKZLQGVSHHG WRPLQLPLVH WKH WRWDOJHQHUDWRU ORVVHV 7KLV
VWUDWHJ\UHVXOWVLQIL[HGVSHHGRSHUDWLRQT IRUORZZLQGVSHHGVZLWKTUHGXFLQJIRUPHGLXPZLQGVSHHGVGRZQWRD
ILQDOVHWWLQJRIT DWUDWHGZLQGVSHHG7KHH[DFWGHWDLOVRIWKLVUHODWLRQVKLSLQFOXGLQJFURVVRYHUSRLQWDQGTDWUDWHG
VSHHG GHSHQG RQ WKH UHODWLRQVKLS EHWZHHQ LURQ DQG FRSSHU ORVVHV GXH WR WKH VSHFLILF JHQHUDWRU GHVLJQ 7KH RSWLPDO
VWUDWHJ\DWKLJKZLQGVSHHGLVH[SODLQHGE\WKHGRPLQDQFHRIFRSSHUORVVHVRYHULURQORVVHV ZKLFKFDQEHPLQLPL]HG
ZKHQTĺKRZHYHUDWORZTWKHUHGXFWLRQLQLURQORVVHVZUWTDUHPRUHVLJQLILFDQWWKDQWKHLQFUHDVHLQFRSSHUORVVHV 
 )LJ*HQHUDWRU/RVV'LIIHUHQFHUHODWLYHWRT EDVHOLQH  )LJT2376WUDWHJ\WR0LQLPLVH*HQHUDWRU/RVVHV 
7KHDQQXDOHQHUJ\ORVVHVIRUHDFKTVWUDWHJ\FDQEHFDOFXODWHGXVLQJWKHHQHUJ\ORVVSHUKRXUIRUHDFKZLQGVSHHG
DQG WKHSUHYDOHQFHRIHDFKZLQGVSHHGIURPWKH:HLEXOOGLVWULEXWLRQ 7KHVHUHVXOWVDUHFRPSDUHGDJDLQVW WKHEDVHOLQH
T   VWUDWHJ\ LQ7DEOH )RU WKLV WXUELQH WKHEHVWVWUDWHJ\ IRUD IL[HGYDOXHRIT LVZKHQT DOWKRXJK WKLVRQO\
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UHVXOWVLQDORVVUHGXFWLRQDJDLQVWWKHEDVHOLQH7KHIL[HGVSHHGT VWUDWHJ\UHVXOWVLQDLQFUHDVHLQHQHUJ\
ORVVHVGXHWRWKHODUJHLQFUHDVHLQFRSSHUORVVHV7KHYDULDEOHTORVVPLQLPL]DWLRQVWUDWHJ\UHGXFHVORVVHVE\RYHU
WKHEHVWIL[HGTVWUDWHJ\,WLVDOVRZRUWKQRWLQJWKDWWKHORVVHVFDQEHFORVHO\DSSUR[LPDWHGE\FRQVLGHULQJRQO\WKHPHDQ
WRUTXHDQGWKHQGWRUTXHKDUPRQLF 
Torque All Harmonics 2nd harmonic (h=2) 
Factor Annual Losses % Loss 
Annual 
Losses % of Loss 
q [MWh] (vs q=0) [MWh] from h=2 
0 504.3 0.0% 502.4 99.63% 
0.2 503.7 -0.1% 502.2 99.70% 
0.4 513.4 +1.8% 512.1 99.76% 
0.6 533.3 +5.8% 532.3 99.80% 
0.8 563.6 +11.8% 562.6 99.84% 
1 604.1 +19.8% 603.2 99.86% 
qOPT 499.7 -0.9%  
7DEOH$QQXDO(QHUJ\/RVVHVIRUGLIIHUHQWTVWUDWHJLHV 
 )LJ3HDN(OHFWULFDO7RUTXHDWGLIIHUHQWZLQGVSHHGV 
IRUGLIIHUHQWTVWUDWHJLHV 
)LJXUHFRPSDUHVWKHSHDNHOHFWULFDOWRUTXHUDWLQJQHFHVVDU\IRUGLIIHUHQWTVWUDWHJLHV$JHQHUDWRUKDVWREHUDWHG
WRWKHODUJHVWWRUTXHLWH[SHFWVWRGHYHORSZLWKLQQRUPDORSHUDWLRQ%\FRQWUROOLQJWKHHOHFWULFDOWRUTXHRIWKHJHQHUDWRU
XVLQJDTVWUDWHJ\SDUWLFXODUDWUDWHGVSHHGWKHUDWLQJRIWKHJHQHUDWRUFDQEHUHGXFHGZKLFKDOVRUHGXFHVLWVFRVW
$VGHVFULEHGSUHYLRXVO\WKHORVVPLQLPL]DWLRQVWUDWHJ\UXQVDORZTDWUDWHGZLQGVSHHGDQGDVDUHVXOWWKHSHDNWRUTXH
H[SHULHQFHGE\WKHJHQHUDWRUDSSUR[LPDWHVWRWKHPHDQWRUTXH7KLVUHVWULFWLRQLQTDWUDWHGRSHUDWLRQKDVOLWWOHEHDULQJ
RQ WKH RSHUDWLRQ DW ORZHU ZLQG VSHHGV DOORZLQJ IRU KLJK T RSHUDWLRQ WR UHGXFH LURQ ORVVHV DW ORZ ZLQG VSHHGV ZKLOH
UHPDLQLQJEHORZWKHUHGXFHGUDWLQJRI WKHPDFKLQH  ,W LV DOVR LPSRUWDQW WRQRWH WKDWKDQGOLQJ WKH IXOO UDQJHRI WRUTXH
KDUPRQLFVUHVXOWVLQDKLJKHUSHDNWRUTXHWKDQWKHVLQXVRLGDOHTXLYDOHQW 
 
&21&/86,216 
7KLVSDSHUVKRZVWKDWIRUD9$:7JHQHUDWRUDGMXVWLQJWKHWRUTXHVSHHGFRQWUROVWUDWHJ\RIWKHJHQHUDWRUFDQOHDG
WRSRWHQWLDOORVVUHGXFWLRQVRIWKHJHQHUDWRUZKLOHDOORZLQJWKHJHQHUDWRUWRDGDSWIRUFKDQJLQJZLQGVSHHGVFDQOHDGWR
WKHELJJHVWUHGXFWLRQV ,QJHQHUDO LW LVEHWWHUWRUXQD IL[HGVSHHGVWUDWHJ\DW ORZZLQGVSHHGDQGUHGXFHWKHHOHFWULFDO
WRUTXHYDULDWLRQDWKLJKHUZLQGVSHHGVWKHH[DFWRSWLPDO VWUDWHJ\ZLOOGHSHQGRQ WKHVSHFLILFJHQHUDWRUGHVLJQ 7KLV
FDVHVWXG\KDVVKRZQWKDWDVLQXVRLGDODSSUR[LPDWLRQRIWKHWRUTXHYDULDWLRQEDVHGRQWKHQGKDUPRQLFIRUDEODGHG
WXUELQH LVDJRRGDSSUR[LPDWLRQHVSHFLDOO\ZKHQFDOFXODWLQJ WKHHQHUJ\ ORVVRI WKHJHQHUDWRU DOWKRXJK WKHFXPXODWLYH
HIIHFWRIWKHVHKDUPRQLFVRQWKHSHDNWRUTXHH[SHULHQFHGGRHVQHHGWREHWDNHQLQWRDFFRXQW 
7KHORVVPLQLPL]DWLRQVWUDWHJ\RIYDU\LQJTZLWKZLQGVSHHGDOVRUHGXFHVWKHSHDNHOHFWULFDOWRUTXHH[SHULHQFHG
E\WKHJHQHUDWRUZKLFKLQWXUQRIIHUVWKHRSSRUWXQLW\WRVSHFLI\DVPDOOHUFKHDSHUJHQHUDWRUIRUXVHLQWKLV9$:77KHUH
DUHVWLOODGGLWLRQDOIDFWRUVWKDWQHHGWREHDFFRXQWHGIRUVXFKDVWKHHIIHFWVRIUHVL]LQJDJHQHUDWRURQWKHORVVHVLQRUGHUWR
LPSURYHWKHJHQHUDWRUPRGHOIRUXVHLQDQRSWLPLVDWLRQRIJHQHUDWRUGHVLJQDVSDUWRIWKHSURFHVVWRHVWDEOLVKWKHYLDELOLW\
RI9$:7VIRUFRPPHUFLDORIIVKRUHJHQHUDWLRQ7KHUHLVOLNHO\WREHDHURG\QDPLFSHQDOWLHVIRUVRPHWRUTXHVSHHGFRQWURO
VHWWLQJVWKDWDOVRQHHGWREHWDNHQLQWRDFFRXQW 
 
$&.12:/('*(0(176 
7KLV UHVHDUFK ZDV IXQGHG E\ WKH (365& WKURXJK WKH &HQWUH IRU 'RFWRUDO 7UDLQLQJ LQ :LQG (QHUJ\ 6\VWHPV DW WKH
8QLYHUVLW\RI6WUDWKFO\GHDZDUGQR(3* 
 
5()(5(1&(6 
>@ $6KLUHV³'HVLJQRSWLPLVDWLRQRIDQRIIVKRUHYHUWLFDOD[LVZLQGWXUELQH´YROSS± 
>@ 9HUW$[:LQG/WG³9HUWLFDO$[LV:LQG7XUELQHV´>2QOLQH@$YDLODEOHKWWSYHUWD[ZLQGFRP>$FFHVVHG
-2FW-@ 
>@ + 3ROLQGHU ) ) D 9DQ 'HU 3LMO * - 'H 9LOGHU DQG 3 - 7DYQHU ³&RPSDULVRQ RI GLUHFW-GULYH DQG JHDUHG
JHQHUDWRUFRQFHSWVIRUZLQGWXUELQHV´,(((7UDQV(QHUJ\&RQYHUVYROQRSS± 
>@ 00LFKRQ³3HUPDQHQW0DJQHW0DFKLQHVIRU9HUWLFDO$[LV:LQG7XUELQHV´LQ8.0DJQHWLFV6RFLHW\0HHWLQJ
³3HUPDQHQW0DJQHWV-&UDGOHWR*UDYH´6WRNHRQ7UHQW 
 
